Gallium nitride based compound semiconductor materials have been studied intensively for both optoelectronic devices such as visible light emission diode, ultraviolet photo-detectors and the high temperature / high power electronic devices such as high electron mobility transistor (HEMT) [1] and metal insulator semiconductor transistor [2]. Recently, the enhancement mode MISFETs are much interested for integrated UV image sensor as well as the high power logic integrated circuit applications. The MISFET with schottky barrier S/D and the silicon implanted S/D MISFET were demonstrated [3]. The highly conductive and visible-transparent indium-tin-oxide (ITO) has been applied to the transparent contacts to many optoelectronic devices. In addition, an ammonium sulfide [(NH 4 ) 2 S X ] treatment is using widely to develop higher interface quality i.e. lower interface-trap density (D it ) between GaN surface and gate dielectric.
Introduction
Gallium nitride based compound semiconductor materials have been studied intensively for both optoelectronic devices such as visible light emission diode, ultraviolet photo-detectors and the high temperature / high power electronic devices such as high electron mobility transistor (HEMT) [1] and metal insulator semiconductor transistor [2] . Recently, the enhancement mode MISFETs are much interested for integrated UV image sensor as well as the high power logic integrated circuit applications. The MISFET with schottky barrier S/D and the silicon implanted S/D MISFET were demonstrated [3] . The highly conductive and visible-transparent indium-tin-oxide (ITO) has been applied to the transparent contacts to many optoelectronic devices. In addition, an ammonium sulfide [(NH 4 ) 2 S X ] treatment is using widely to develop higher interface quality i.e. lower interface-trap density (D it ) between GaN surface and gate dielectric.
In this paper, we proposed and investigated the electrical characteristics of a novel GaN MOSFET with ITO schottky barrier source/drain with (NH 4 ) 2 S X treatment.
Experiment
The proposed epitaxial GaN layer structure was grown on n-type Si (111) substrate by MOCVD, as shown in Fig.  1(a) . To release the strong tensile stress between GaN and Si substrate caused by large differences in lattice constant and thermal expansion coefficient, a 170 nm-thick hightemperature (HT) GaN and a 30 nm-thick low-temperature (LT) AlN interlayers were periodically grown on a 150 nmthick HT-AlN buffer layer. Then, a 0.7 um-thick crack-free and highly resistive GaN layer was grown at 1070℃. The growth pressure of proposed structure was fixed at 100 Torr. Fig. 1(b) shows the schematic cross-sectional view of the proposed SB-MOSFET. Before deposit of gate dielectric and S/D ITO's, we perfomed an (NH 4 ) 2 S X pretreatment. After GaN substrate was dipped into a (NH 4 ) 2 S X solution at 60 ºC for 15 min, a 10 minute baking was applied to desorb the excess of weakly bonded surfide on GaN surface at 220 ºC in N 2 . A 1000 Å ITO was deposited for the schottky barrier source and drain by an RF sputtering system. ITO has been applied to the S/D electrode. ITO workfuction of 4.5eV was close to the electron affinity of GaN. SiO 2 (300 Å) was deposited for the gate dielectric using PECVD at 300 ºC. Finally, 400 Å nickel and 500 Å gold was deposited for the gate metallization.
Results and Discussions
While the workfunction of S/D ITO is 4.5eV that is almost equivalent to the electron affinity of GaN, there is only a slight conduction band energy barrier caused by the interface states between ITO and GaN, which may cause the exponential decrease of drain current. Fig. 2 shows the energy band diagram along the source and drain where the GaN layer exhibits highly resistive n-type property.
The output I-V characteristics of the fabricated MOSFET is shown in Fig. 3 (a) which is far better characteristic such as low V T and enhanced maximum drain current compared to that of the normal SB-MOSFET with Al source/drain fabricated similarly, as shown in Fig. 3(b) [4]. Fig. 4 shows the typical linear and logarithmic I D -V GS characteristics of the fabricated SB-MOSFET with 10 μm gate length and 100 μm gate width. The fabricated device on GaN substrate with (NH 4 ) 2 S X treatment has over 3.2 mA/mm of the maximum drain current and 2.7 mS/mm of the maximum transconductance at 3 V of V DS in Fig. 5 . Also, the (NH 4 ) 2 S X treated device has a threshold voltage of 3.0 V which is lower than 3.8 V of non-treated sample. And the device with (NH 4 ) 2 S X treatment has high drain current of 3.2 mA/mm compared to the 2.9 mA/mm of non-treated device. It is because the native oxides was removed by (NH 4 ) 2 S X treatment and the GaN surface state was reduced by the oxygen-induced nitrogen-vacancy defects [5] . The transconductances are the 2.7 mS/mm, and 2.5 mS/mm for (NH 4 ) 2 S X treated, and non-treated device respectively (Fig.  5) . The abnormal subthreshold characteristic is now under investigation, as shown in Fig. 4 . Fig. 6 shows I-V characteristics of back-to-back schottky diode between the source and drain contacts. The fabricated device without (NH 4 ) 2 S X treatment exhibits that the drain leakage current over 10 μA level over 5 V, but does not break down up to 30 V. The high leakage current is due to the surface leakage current through not well passivated GaN surface under the PECVD gate oxide layer. (NH 4 ) 2 S X treated device shows much low drain leakage current, which supports that the surface treatment is effective to reduce the leakage current.
In summary, we could observe a significant improvement of I-V characteristics by combined effects of ITO S/D contacts and (NH 4 ) 2 S X treatment.
Conclusions
We demonstrated the schottky barrier metal oxide semiconductor field effect transistor (SB-MOSFET) applying indium-tin-oxide (ITO) to the source and drain for the first time on the highly resistive GaN layer grown on silicon substrate. Using the (NH 4 ) 2 S X pretreatment of GaN substrate, the I-V characteristics were improved. The fabricated devices exhibited excellent characteristics, such as maximum current of 3.2 mA/mm and maximum transconductance of 2.7 mS/mm at V DS = 3 V. Therefore, ITO can be a promising material for the source and drain of GaN SB-MOSFET.
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